ZFY is a candidate for the primary sexdetermining gene (TDF, testis-determining factor) on the human Y chromosome. We have isolated cDNA clones ofZFY and its homologue on the X chromosome, ZFX. The transcripts of these genes are very similar to each other and encode predicted proteins of equal size. The conceptual amino acid sequence of both proteins contains an acidic domain, similar to the activation domain of transcription factors, and a potential nucleic acid-binding domain of 13 "zinc ringers."' We have used the polymerase chain reaction to demonstrate the expression of ZFY and ZFX in a wide range of adult and fetal human tissues and to show that ZFX is expressed from the inactive X chromosome present in human-mouse hybrids.
The primary signal for male sex determination in mammals is a testis-determining factor (1) encoded by TDF, a gene on the Y chromosome. Genetic analysis of sex-reversed individuals has been used to refine the chromosomal location of TDF to an interval of 140 kilobases (kb) on the short arm ofthe human Y chromosome (2) (3) (4) . Sequences within this interval were found to be conserved on the Y chromosome in a variety of eutherian mammals and also cross-hybridized to sequences on the X chromosome. The nucleic acid sequence of a Y chromosome genomic fragment encoded an open reading frame whose predicted amino acid sequence was a tandem repeat of 13 "zinc-finger" domains. The Y chromosome gene encoding this zinc-finger protein was called ZFY, and the homologous sequence on the normal X chromosome was called ZFX. The zinc-finger motif has been associated with nucleic acid-binding proteins, and if ZFY is TDF this is consistent with the proposed regulatory function of TDF. Support for the equivalence ofZFYand TDFwas obtained by studying the sex-determining region of mice (5) (6) (7) . However, the finding of homologous genes in marsupials solely on autosomes, and not on the sex chromosomes, suggests that ZFY might not be the primary signal for sex determination (8) . Alternatively, eutherians and metatherians may have evolved different mechanisms for sex determination.
We have isolated cDNA clones derived from transcripts of both ZFYand ZFX and we report their sequences here.t We used the nucleotide sequences to design primers for the polymerase chain reaction (PCR), which enabled us to look at their expression in different tissues and cell types.
MATERIALS AND METHODS
cDNA Libraries. Adult testis cDNA and HeLa cell cDNA libraries, both in bacteriophage Agtll, were obtained from Clontech. A cDNA library (pCD2Bassing) derived from a human foreskin fibroblast line was kindly provided by H. Okayama in the vector pCD2 (9) .
Cell Lines. These are described in Figs. 2 and 6.
Southern Blotting. Endonuclease-digested DNA was electrophoresed in 0.8% agarose gels and transferred and fixed to Hybond-N+ filters (Amersham) (10) .
Hybridization. (i) Oligonucleotide probes. Oligonucleotide 1818 was labeled with 32P at its 5' end with phage T4 polynucleotide kinase. Library filters were hybridized in 5 x SSC/20 mM sodium phosphate, pH 7.0/lOx Denhardt's solution/10%o dextran sulfate/7% SDS containing oligonucleotide (106 cpm/ml) and heterologous DNA (100,ug/ml).
(ii) Plasmid probes. Plasmid inserts were radiolabeled by the random primer method (11) . Filters were hybridized in 5X SSPE/5x Denhardt's solution/0.5% SDS containing 0.5 x 106 cpm/ml. Final (14) for 35 cycles, with annealing at 600C.
Analysis of PCR-Amplified cDNA. Amplified products were extracted in chloroform and then precipitated with spermidine (15) . Washed precipitates were digested with BamHI and run in a 1% agarose gel containing ethidium bromide.
Oligodeoxynucleotides. The sequence of oligonucleotide 1818 (5'-AACAAGATGCATAAATGCAAATTCTGCGAA-TATGAGAC-3') is from a region of the published genomic sequence of the ZFY zinc-finger domain (4) predicted to have minimum codon degeneracy; the sequence corresponds to nucleotides 1560-1597 of the ZFY transcript reported here. 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (Fig. 1) . pMF-1 includes at its 3' end a sequence that is identical (except for one base difference) with the nucleotide sequence of the genomic zinc-finger domain entered into the EMBL data base (accession no. J03134) from nucleotide 73 of the genomic sequence through to its 3' end.
pMF-1 was used to screen a HeLa cDNA library (HeLa cells carry no Y chromosome). The 1.3-kb EcoRI insert of a positive phage was subcloned into plasmid (pPB, Fig. 1 Affara et al. (22) isolated a transcript that contained the zinc-finger region but whose 5' sequence was shown, by in situ hybridization, to be derived from the short arm of chromosome 9 (9p). We used a cell line containing 9p to demonstrate that the zinc-finger sequences (and the 5' sequence present in pMF-1) do not hybridize to 9p (Fig. 2) (24) . The sequence of pCD5.1 ( Fig. 3 Lower) is identical with pPB along the entire length of their overlap and shows that pPB begins 4 bp before the proposed initiation codon.
As no clones containing the 5' end of ZFY were identified after screening several libraries, a PCR-based approach was used. The published sequences (5, 25) I&AA99c ATG GAT GAA GAT GAA TTT GAA TTG CAG CCA CM GAG CCA AAC TCA TTT TTT GAT GGA ATA GGA CCT GAT GCT ACA CAC ATG GAT   GGT GAT CAG ATT GTT GTG GAA ATA CAA GAA GCA GTT TTT GTT TCT AAT ATT GTG GAT TCT GAC ATA ACT GTG CAT AAC TTT GTT CCT GAT GAC CCA GAC TCA GTT GTA   ATC CAA GAT GTT GTT GAA GAT GTT GTC ATA GAG GAG GAT GTT CAG TOC TCA GAT ATC TTA GAA GAG GCA GAT GTA TCT GMA AAT GTC ATC ATT CCT GAG CAA GTG CTG   GAC TCA GAT GTA ACT GMA GAA GTT TCT TTA CCA CAC TGC ACA GTC CCA GAT GAT GTT TTA GCT TCT GAC ATT ACT TCA ACC TCA ATG TCT ATG CCA GAA CAT GTT TTA  ACG AGT GAA TCC ATG CAT GTG TGT GAC ATT GGA CAT GTT GAA CAT ATG GTG CAT GAT AGT GTA GTG GAA GCA GAA ATC ATT ACT GAT CCT CTG ACG AGT GAC ATA GTT  TCA GAA GAA GTA TTG GTA CCA GAC TGT GCC CCT GAA GCA GTC ATA GAT GCC AGC GGG ATC TCA GTG GAC CAG CAA GAT AAT GAC AAA GCC AGC TGT GAG GAC TAC CTA  ATG ATT TCG TTG GAT GAT OCT GGC AAA ATA GAA CAT GAT GGT TCC ACT GGA GTG ACC ATC GAT GCA GAA TCA GAA ATG GAT CCT TGT AAA GTG GAT AGC ACT TGT CCT  GMA GTC ATC AAG GTG TAC ATT TTT AAA GCT GAC CCT GGA GAA GAT GAC TTA GGT GGA ACT GTA GAC ATT GTG GAG AGT GAA CCT GAA MT GAT CAT GGA GTT GAA CTA   CTT GAT CAG AAC AGC AGT ATT CGT GTT CCC AGG GAA AAG ATG GTT TAT ATG ACT GTC AAT GAC TCT CAA CAA GAA GAT GAA GAT TTA AAT GTT GCT GAA ATT CCT GAT GAA GTT TAT ATG GAA GTG ATC GTA GGA GAG GAG GAT GCT GCT GTT GCA GCA GCA GCA GCT OCT GTG CAT GAG CAG CAA ATT GAT GAG GAT GAA ATG AAA ACC TTC GTA CCA ATT GCA TGG GCA GCA OCT TAT GGT AAT AAT TCT GAT GGA ATT GAA AAC CGG AAT GGC ACT GCA AGT GCC CTC TTG CAC ATA GAT GAG TCT GCT GGC GAA TTA CAA CAA GAG CCA AAC TCA TTT TTT GAT GCA ACA GGA GCT GAT GGT ACA CAC ATG GAT GGT GAT CAA ATT GTT GTG GAA GTA CAA GAA ACT GTT TTT GTT TCA GAT GTT GTG GAT TCA GAC ATA ACT GTG CAT AAC TTT GTT CCT GAT GAC CCA GAT TCA GTT GTA ATC CAA GAT GTT ATT GAG GAC GTT GTT ATA GAA GAT GTT CAG TGC CCA GAT ATC ATG GAA GAA GCA GAT GTG TCT GAA ACG GTC ATC ATT CCT GAG CAA GTG CTG GAC TCA GAT GTA ACT GAA GAA GTT TCT TTA GCA CAT TGC ACA GTC CCA GAT GAT GTT TTA GCT TCT GAC ATT ACT TCA GCC TCA ATG TCT ATG CCA GAA CAC GTC TTG ACG GGT GAT TCT ATA CAT GTG TCT GAC GTT GGA CAT GTT GGA CAT GTT GGA CAT GTT GAA CAT GTG GTT CAT GAT AGT GTA GTG GAA GCA GMA ATT GTC ACT GAT CCT CTG ACT ACC GAC GTA GTT TCA GAA GAA GTA TTG GTA GCA GAC TGT GCC TCT GAA GCA GTC ATA GAT GCC AAT GGG ATC CCT GTG GAC CAG CAG GAT GAT GAC AAA GGC AAC TGT GAG GAC TAC CTT ATG ATT TCC TTG GAT GAT GCT GGC AAA ATA GAA CAC GAT GGT TCT TCT GGA ATG ACC ATG GAC ACA GAG TCG GMA ATT GAT CCT TGT AAA GTG GAT GGC ACT TGC CCT GAG GTC ATC AAG GTG TAC ATT TTT AAA GCT GAC CCT GGA GAA GAT GAC TTA GGT GGA ACT GTA GAC ATT GTG GAG AGT GAG CCT GAG AAT GAT CAT GGA GTT GAA CTG CTT GAT CAG AAC AGC AGT ATT CGT GTT CCC AGG GAA AAG ATG OTT TAT ATG ACT GTC AAT GAC TCT CAG CCA GMA GAT GAA GAT TTA AAT GTT GCT GAA ATC GCT GAC GAA GTT TAT ATG GAA GTG ATC GTA GGA GAG GAG GAT GCT GCA GCA GCA CGG GCA GCC GCC GCC GTG CAC GAG CAG CAA ATG GAT GAC AAT GAA ATC AAA ACC TTC ATG CCG ATT GCA TGG GCA GCA GCT TAT CAAATAGAATTATTACTTCTAGTTGTTCTTTTTTTTAAATATACATTTTCTCA GTAGTGTGTTCTGAATTCTATTCAGTTTGTAAAA AATGCTAGTTACTTTTAATAAGTAATCCCTGATTC   TATACCGAAGTTTTATATCTTAGAATTTTATATTTATTTAAATATTTACCTTGCTTACCTTGATGGTACT   110  218  326  434  542  650  758  866  974  1082  1190  1298  1406  1514  1622  1730  1838 The sequence identified, p5.8 ( Fig. 1) , was similar to the transcript of ZFX and was identical to pMF-1 in the overlapping region, except for the 52 bp of pMF-1 that are inverted. Direct sequencing of PCR-amplified material confirmed the fidelity of the new sequence in p5.8. The sequence of the ZFY transcript shown in Fig. 3 Upper is a composite from pMF-1 and p5.8.
The amino acid sequences that these ZFY and ZFX transcripts encode are remarkably similar to each other. Both contain an acidic domain (average pi 3.4) and a nucleic acid-binding domain of 13 zinc fingers. These two domains are separated by a short basic sequence, Pro-Lys-Lys-(Lys/ Arg)-Arg-Arg-Pro (residues 400-406 in Fig. 4) , that, by homology to sequences in the large tumor antigen of simian virus 40, has the characteristics of a nuclear localization signal (27) . In the acidic domain there is 87% sequence identity between ZFX and ZFY, while in the zinc-finger domain this rises to 97%. These sequences are homologous to those reported for the genes Zfy-J and Zfy-2 on the mouse Y chromosome (5, 25) and are compared in Fig. 4 (Fig. 5) . A broader region of hybridization around the 5.3-kb band was due either to partial degradation or to the presence of a range of transcripts of slightly different size. These sizes are consistent with previously published Northern blots (22, 28 MDEDGLELQ-QEPNSFFDATGADGTHMDGDQIVVEVQETVFVSDWVDSDITVHNFVPDDPDSV IQDVIEDWVIE-DVCPDSIMEEADVSETVI IPEQVLDSDV'NEEVSLAHCTVPDDVLASGITSASMSMPEHVLTGDSIHVSDVGHVG   MDEDEIESTPEEEKSFFDGIGADAVHMDSDQIVVEVQETVFLAN---SDVTVHNFVPDNPGSVI IQDVIENVLIE-DVHCSHILEETDISDNVI IPEQVLNLGTAEEVSLAQFLIPD-ILTSG ITSTSLTMPEHVLMSEAIHVSDVGHF-MDEDE IELTPEEEKSLF DG IGAD AVHMDS DQOISVE VQETVF LSN ---SDVTVHNFVPD DPDSV IIQDVIENVLIE-DVHCSH ILEETD ISDNV IIPEQVLD LD TAEEVSLAQFL IPD-ILT (Fig. 6 ). This situation is clearly distinct from that in the mouse, in which the expression of Zfy-J has been reported only in adult testis (7) .
Evidence for Expression of ZFX from the Inactive X Chromosome. In normal female cells one X chromosome is inactivated so that the level of expression of X-linked genes is the same as that of males. If the products of ZFY and ZFX are interchangeable, then male cells would have twice as much product as female cells, unless ZFX escapes inactivation or another dosage-compensation mechanism exists. With the PCR approach, ZFX transcripts were found in somatic cell hybrids containing the inactive human X chromosome (Fig. 6) .
Chelley et al. (33) (30) . Lane 6, human-mouse hybrid containing active human X, HORL9X (31) . Lane 7, human-mouse hybrid containing human Y, 3E7 (32) . Lane 8, H20 control. Lane 9, pMF-1, ZFYcontrol. Lane 10, pPB, ZFX control. et al. (28) that ZFX escapes inactivation on the X chromosome and is not dosage-compensated.
The close sequence relationship of ZFY and ZFX, the expression of ZFX from the inactive X chromosome, and the ubiquitous expression of transcripts of both genes have a number of functional implications for the biology of sex determination. The high percentage similarity of the zincfinger domain (97% amino acid identity) suggests that both gene products would bind to the same or very similar DNA sequences. However, of the 11 differences between ZFX and ZFYthat occur in the finger region, 5 fall on residues that Lee et al. (26) suggested might be involved in specific base recognition. One of these differences (amino acid 555 in ZFY, Fig. 3 Upper) does not occur in the sequence reported by Page et al. (4) and arises due to the single base difference (position 1689) between pMF-1 and the published sequence. Although the association of specific residues in zinc fingers with DNA sequences has not yet been demonstrated, the differences noted here might account for sex-specific DNA binding. The closely related acidic domains (87% amino acid identity) might also imply functional identity, although the activity of the proteins, presumably mediated through the acidic domain, may show subtle differences. Clearly the function of ZFY and ZFX cannot be resolved by sequence analysis alone. However, now that complete open reading frames have been identified for ZFYand ZFX transcripts, the potential role(s) of these genes in sex determination can be addressed through functional studies at the protein level.
